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Summary.-We report evidence for the secretion of a true mammalian collagenase
active againstType1 collagen, bynaturally-occurring mammarytumours ofthe mouse
and show that tumours capable of heavily colonizing the lungs secrete significantly
more of this enzyme than those with low pulmonary-colonization potential, or non-
neoplastic proliferating (e.g. lactating) mammary tissue. Plasminogen activator
is secreted in greater quantity by tumours than by normal tissues, but there is no
significant difference in the amount produced by tumours with high or low pul-
monary-colonization potential.
These findings correlate well with our earlier morphological observations of
marked connective tissue destruction in the vicinity of invading tumours and meta-
static deposits, and indicate that protease release is implicated in the mechanism
of tumour spread.
IN MANY HUMAN and animal primary
neoplasms there is electron-microscopical
evidence of extensive destruction of col-
lagen in the vicinity of the invading tum-
our cells (Tarin, 1967, 1969, 1972). As
collagenase issofartheonlyenzyme known
to be capable ofthe extracellular degrada-
tion of collagen at physiological pH, it
seems likely that the destructive changes
observed morphologically are due to the
release of this enzyme. Biochemical in-
vestigations have provided evidence for
this conclusion, by revealing that explants
from a wide variety of human and animal
tumours secrete collagenase in vitro
(Dresden et al., 1972; Abramson et al.,
1975; Dabbous et al., 1977; Kuettner et al.,
1977). Homogenates of some tumours
have also been reported to contain col-
lagenase activity (Hashimoto et al., 1973;
Yamanishi et al., 1972, 1973; McCroskery
et al., 1975; Wirl & Frick, 1979).
The ability of tumour cells to form
metastatic deposits in distant organs
depends likewise on their being able to
breach the basement membrane surround-
ing blood capillaries and move into the
stroma of the host organ. Morphological
studies on secondary tumour deposits
from a variety ofhumanneoplasmsshowed
initial utilization of the existing stromal
framework of the organ by the radially
spreading tumour cells in early deposits
and, later, chaotic reconstitution of the
stroma within the secondary neoplasm,
involving uncoordinated lysis and excess
production of collagen (Tarin, 1976). Here
again, the involvement of collagenase is
inferred from the morphological observa-
tions. However, apart from a brief report
by Liotta et al. (1980), there have been
no attempts to analyse whether the output
of this protease by a tumour correlates
with its ability to establish metastatic
deposits. Liotta's group found evidence
that serially propagated tumour cell lines
(T241 fibrosarcoma and B16 FIO mel-
anoma), which form numerous pulmonaryCOLLAGENASE AND METASTATIC COLONIZATION POTENTIAL
metastases when inoculated in vivo, secrete
more of a specific collagenase (directed
particularly against Type IV collagen)
than other tumour cell lines (e.g. B16, FI)
which form few or no pulmonary deposits
in vivo.
In this communication we report evi-
dence for the secretion of a true mam-
malian collagenase active against Type I
collagen by spontaneous* mammary tum-
ours ofthe mouse, and show that tumours
capable of heavily colonizing the lungs
secrete significantly more of this enzyme
than those with low pulmonary coloniza-
tion potential.
Plasminogen activator is another neu-
tral protease which has frequently been
reported to be secreted in greater quanti-
ties by tumour cells than by their non-
neoplastic counterparts (Rifkin et al.,
1974; Jones et al., 1975; Nagy et al., 1977;
Tucker et al., 1978; Markus et al., 1980).
Again, there have been few investigations
of whether secretion of this enzyme is
functionally significant in the metastatic
process. Only Wang et al. (1980) and Nicol-
son et al. (1976) appear to have studied
this systematically and they obtained
different results, the former saying this
protease is secreted in greater quantity by
B16 FIO melanoma cells than by B16 Fl
(with lower pulmonary colonization poten-
tial), whereas the latter could find no
significant difference.
We have therefore assayed plasminogen-
activator output by our spontaneous
mammary tumours, and correlated the
findings with the colonization potential of
eachneoplasm.
The experimental design involved com-
parison of enzyme output by tumours of
high colonization potential with those of
low colonization potential, and with
rapidly proliferating non-neoplastic mam-
mary tissue from pregnant and lactating
animals. The work was conducted entirely
on spontaneous (i.e. not transplanted)
tumours, so that epidemiological informa-
tion on individual variation in a popula-
tion of unselected "wild-type" neoplasms
could be used to study the underlying
mechanisms of tumour spread. J.v. inocu-
lation was used as the means of tumour-
cell dissemination, because deposit forma-
tion and growth is the critical endpoint
of malignancy, and we intended to focus
our attention specifically on this rather
than on the early phases of metastatic
spread.
MATERIALS AND METHODS
Animal and tumours.-Primary mammary
tumours were taken from female CBA/lac
and C3H/AvY mice infected with murine
mammary-tumour virus (MMTV). Recipients
were syngeneic females of similar age, with-
out mammary tumours and free of MMTV.
Twenty-four tumours were used, with weights
ranging from 1-8 to 6-5 g.
Each tumour was excised aseptically,
weighed and a segment set aside for explant
culture (see Fig. 1). The remainder was
disaggregated according to the method of
Tarin & Price (1979), i.e. minced and incuba-
ted at 37°C for 2 h with 0.1% clostridial
collagenase Type I (Sigma Chemical Co.) in
minimal essential medium (MEM) on a
rotary mixer. Suspended tumour cells were
then harvested, washed, resuspended and
counted.
"Control" non-neoplastic tissue was
obtained from mammary glands of pregnant
and lactating females. Such glands were
considered appropriate because there is
intense epithelial proliferation in progress
but this is, of course, regular and physio-
logical. Cells from such glands do not colonize
on re-inoculation in endocrinologically appro-
priate hosts (Price et al., 1982)-see also
Table II.
Pregnant glands were taken from NIH
female mice at the 14-19th day of gestation,
and disaggregated as described above. Recip-
ients of these cells were syngeneic females in
the 10-14th day of gestation, and were
necropsied after the birth of a second litter
after inoculation. Lactating glands were
taken from C3H/AvY females at 5 and 10
* The term "spontaneous" is used interchangeably in this paper with "naturally occurring", to signify
that the tumours are neither artificially induced nor transplanted, and therefore arise of their own accord.
It does not indicate that the aetiological agents are unknown, another sense in which the word is sometimes
used.
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FIG. 1.-Experimental sclieme: Re-inoculation studies to assess colonization potential an(d collagenase
assays were performed on the same primary tumours. S/N =supernatant, C* = 14C-collagen.
days post-partum, and the syngen
ients of these were also necropsied
birth of the subsequent litter. Glan
pregnant and 4 lactating females Mv
and cells from each w%vere inoculc
batches of5 recipients.
Assessment of colonization potenti
(05 x 106) were inoculated into e'
syngeneic recipients via the surgi
posed tail vein, as described by
Price (1979). Mice were killed and n
at 90 days (or earlier if moribund).
and abdominal organs were exai
secondary mammary-tumour depc
TABLE 1. Classification oftumout
ing to lung-colonization potentia
inoculated with 0 5 x 106 cells
Grade
0
1
.3
4
5
No deposits
Few (< 10) small deposits
(1 mm diam.)
Small deposits ( > 10) and
occasional larger ones
Numerous deposits (> 30) of'
various sizes
Heavy replacement oflung tissue
(- 100 deposits, not confluent)
Massive/total replacement of
lung tissue ( > 100 deposits,
confluent tumour nodules)
eic recip- the degree of pulmoiiary colonizationi graded
after the according to the semi-quantitative scale in
ds from 5 Table I.
vere used, The median grade for the 5 recipients was
ated into used as the measure of the colonization
potential of each tumour. Only groups in
al. Cells which the maximum and minimum responses
aach of 5 were within 2 grades of each other on the
ically ex- scale were used in this study but very few
Tarin & needed to be excluded. LCP and HCP are
ecropsied defined in Table I.
Thoracic Grading of pulmonary colonization and
nined for collagenase assays were each done "blind".
)sits and We deliberately did not use numbers of
inetastases as a measure of colonization
potential, because counts of surface deposits
rs accor give a spurious impression ofaccuracy. When
1 in mice the secondary tumour colonies become numer-
ous, they fuse, making reliable assessment
impossible. Additionally. examination of'
Groups histological sections makes one aw%Nare that
-ve there can be further deposits in the depths
oflung substance which are missed by surface
r LCI counting. Application of statistical methods
to such data leads; to a fallacious impression
of reliability. The semi-quantitative grading
scheme described wNas. therefore, adopted as
the most realistic assessment of colonization HC:I potential.
Culture technique. -T1he portions of mani-
J miarv tumour taken for explant culture
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ranged in weight from 0 4 to 0-6 g. The tissue
was minced into pieces -1 mm in diameter
and placed in2cultureflasks (NUNC25 cm2-
Gibco Europe, Paisley), each containing 4 ml
MEM with 1 / non-essential amino acids,
50 u/ml penicillin, 50 ,ug/ml streptomycin,
0-02M L-glutamine and 0-04 mg insulin. No
serum was added because this is known to
inhibit collagenase. The explants were incu-
bated at 37°C in an atmosphere of 95% air
and 5% C02 for up to 14 days, with replace-
ment of medium every 2-3 days. The har-
vested supernatant was stored at 4°C after
stabilization of pH by addition of 1/20
sample volume of 1M Tris/HCl buffer solution
(pH 7.6) containing 01M CaCl2 and 0.0100
sodium azide.
Consideration was given to the quantita-
tion of tissue mass in the cultures. Measure-
ment of DNA content was rejected because
histological examination of the explants
showed central necrosis at the end of the
culture period, and nucleic acid estimation
would not, therefore, provide an accurate
measure of the number of cells in the flasks
at various times during the culture period.
DNA estimations on representative pieces
taken from the tumour at the time ofexplan-
tation would also have been only an approxi-
mate measure of the cell numbers in the
cultured explants. Since histological studies
on samples from many murine mammary
tumours (>100) have shown that they are
uniformly cellular and composed predomin-
antly of epithelial elements, it was decided
that wet weight was as reliable a method of
standardizing sample mass for comparing
enzyme secretion as any other.
Preparation of [14C] acetic-anhydride-label-
led collagen.-Rat tail tendon collagen was
extracted by gentle stirring at 4°C in 0.2%
acetic acid for 10 days, and purified according
to the method of Gross (1958) with some
modifications. (The acid extract was first
dialysed against distilled water for 24 h to
bring the pH to neutral, then against M/7
phosphate buffer (pH 7.6) until the pH ofthe
external bufferremainedstable-usually 24 h.)
The final collagen precipitate was re-
dissolved in 0-5M acetic acid, centrifuged
to remove any undissolved protein and
dialysed against 0.01% acetic acid for 24 h.
The collagen content of the resulting solu-
tion was measured by hydroxyproline assay
(Woolley et al., 1978) in triplicate and the
value adjusted to 2 mg/ml.
The collagen preparation was labelled
with 14C by acetylation with'[14C] acetic
anhydride by the method of Gisslow &
McBride (1975). The collagen was dialysed
exhaustively against water at 4°C until only
background radioactivity could be detected
in the dialysate, ana then against 0-45M
NaCl. The specific radioactivity of the col-
lagen after this procedure was in the range
2-7-8-2 x 10 d/min/mg, and the purity of the
protein was confirmed by electrophoresis in
7.5% polyacrylamide gels containing 0.1%
sodium dodecyl sulphate (SDS).
Soluble-collagen assay for collagenase.-
Collagenolytic activity wvas assayed by meas-
uring the amount of radioactivity released
in the form of degradation products from
soluble collagen incubated with culture
supernatants at 25°C. The residual undigested
substrate was removed by gelation at 37°C,
after blocking further enzyme activity with
EDTA. Both active and latent forms of
collagenase were studied.
Active collagenase.-Assays were carried
out in 1 5ml polypropylene tubes (Walter
Sarstedt (U.K.), Leicester). The assay mix-
ture consisted of 50 pl of 2 mg/ml collagen
solution, 25 jul of Tris/HCl buffer (pH 7.5)
containing 4mM CaCl2, 100 ,u explant-culture
supernatant, and 25 ,ul distilled water to give
a total volume of 200 ,u. The final concentra-
tion of calcium in the assay mixture was
4mM, because of additional Ca in the culture
medium, already stabilized after collection
with Ca-containing buffer (see above). Tripli-
cate assays were incubated in a water bath
at 25°C for 18 h and the reaction was stopped
by addition of 50 pl of 0-4M EDTA (pH 7.5).
Tubes were incubated at 37°C for 8 h to gel
the undigested collagen, and then centrifuged
in a Beckman microfuge for 2-5 min at
9000 g. Aliquots (100 ,ul) of the resulting
supernatant were dispensed into 5 ml of
Micellar Scintillator NE 260 (Nuclear Enter-
prises, Edinburgh) and counted for 2 min in
a Nuclear Chicago liquid scintillation counter.
Ct/min was converted to disintegrations/min
(d/min) and results expressed as percentage
of the total release possible for a given col-
lagen preparation, to standardize variation
in the specific activity ofthe collagen batches.
This is justifiable, providing the collagen con-
centration is held constant at 2 mg/ml. Total
release was taken to be the d/min released by
bacterial collagenase, and was always equiv-
alent to the specific radioactivity of that
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batch of collagen, measured by direct count-
ing of the activity of an undigested collagen
sample in the scintillant. Background radio-
activity (obtained from blanks-see below)
was subtracted, and a further calculation
was made to account for varying weights of
tissue in the cultures, to give a value for
percentage total release per 0-5 g tissue.
Values were then converted to collagenase
units, 1 unit being taken as the collagenase
activity required to digest 0 1 ,ug ofcollagen/h
at250C.
In the above assay for active collagenase,
appropriate blanks (negative controls, EDTA-
blocked controls, bacterial collagenase (posi-
tive) controls and trypsin controls were run
in parallel. The reaction mixture for the
blanks was identical to that described above
except that the enzyme solution (explant-
culture supernatant) was replaced by 100 j,l
of fresh culture medium. EDTA-blocked
controls were run in duplicate as a check
that the collagenolytic activity in any sample
was inhibited by EDTA. In these tubes, the
normal volume of distilled water was re-
placed by 10 ,u of 0-4M EDTA+15 ,ul of
distilled water. Bacterial-collagenase con-
trols were run in triplicate to obtain the
value for total possible release (100%) from
the collagen preparation used in that experi-
ment. The harvested culture supernatant
was replaced by 100 ,1 of 1 mg/ml clostridial
collagenase (Sigma London Chemical Co.,
Poole, Dorset). Trypsin controls were run in
triplicate to check that denatured collagen
was absent from the collagen preparation,
and that release of counts was not due to
nonspecific proteolysis. Trypsin, 100 ,ul of
0 05 mg/ml solution (Sigma) was used instead
of the culture-supernatant sample, and the
reaction was stopped at 18 h with 50 ,ul of
5 mg/ml soya-bean trypsin inhibitor (Sigma).
In none of the collagen preparations used in
this study was more than 5% of the total
possible radioactivity released by trypsin.
Latent collagenase.-Latent collagenase was
measured by the increase in enzyme activity
after light trypsin digestion of the culture
supernatants. Such assays were performed
in triplicate as follows: 100 I-l of culture
supernatant was incubated at room tempera-
ture with 10 ,lI of 0 5 mg/ml trypsin for 15
min. The activation was terminated by addi-
tion of 10 ,ul of 5 mg/ml soya-bean trypsin
inhibitor. To this activated enzyme mixture
was added 20 tul Tris/HCI buffer (pH 7.5)
containing 4mM CaCl2, 50 ,ul of collagen solu-
tion and 10 ,ul of distilled water, and the
assay was then continued for the same times
and in the same way as for the active enzyme.
EDTA-blocked controls were again run in
duplicate by replacing the volume of distilled
water with 10 dul of 0-4M EDTA (pH 7.5).
Gel electrophoresis. - Electrophoresis in
7.5% polyacrylamide slab gels containing
0.1% SDS was performed to demonstrate
specific cleavage of the collagen molecule
into 1: X fragments characteristic of mam-
malian collagenase products. Sample enzyme
solutions were concentrated by packing
Carbowax (Raymond A. Lamb, London)
round the dialysis bag, and allowed to react
with collagen in a reaction mixture identical
to that described for the active collagenase
assay. At the end of the 18 h incubation at
25°C, the reaction was stopped with EDTA
as described above, an equal volume (250 ,u)
ofdissolving buffer containing 2% SDS, 20%
glycerol, 58% 0-2M Tris/HCl (pH 7.5), 2%
2-mercaptoethanol, and bromophenol blue
(for tracking) was added and samples were
heated in a boiling water bath for 2 min.
After vigorous mixing, 50,u1 aliquots of these
solutions were applied to the polyacrylamide
gels and run at 50 mA/slab on a Pharmacia
apparatus and stained with 0 2% Coomassie
Brilliant Blue R250 dissolved in 45% (v/v)
methanol and 9.2% acetic acid, as described
by Woolley et al. (1978). The molecular
weights of the resulting protein bands were
calibrated by running a track of mol. wt
markers, consisting ofmyoglobin, ovalbumin,
bovine serum albumin, and rat tail tendon
collagen, on the same gel.
Plasminogen-activator assay.-Harvested
supernatants were assayed in triplicate for
presence of plasminogen activator (PA) by a
fibrin/agar-plate assay. The quantity of PA
was estimated by measuring the zone of lysis
created by the culture-supernatant sample,
and comparing this to a standard curve pre-
pared on the same day using purified urokin-
ase inthe same assay conditions.
The plates consisted of the following
materials:
(a) agarose indubiose, A37, powder (Pharm-
industrie, Clichy, France) 1-5 mg in lOOm]
stock solution of 0 015M Tris and 015M
NaCl (pH 7.4).
(b) bovine thrombin (Sigma) 50 ,u in the
same Tris-NaCl buffer;
(c) human plasminogen (gift of Dr S. C.
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Williams) 1 mg/ml in the Tris-NaCl
buffer; and
(d) bovine fibrinogen (Sigma) 2 mg/ml in the
Tris-NaCl buffer. The fibrinogen was
first purified of contaminating plasmino-
gen by passing it through a lysine-
sepharose column.
To make the fibrin plates, 5 ml fibrinogen,
50 tul plasminogen and 25 ,ul thrombin solu-
tions were aliquoted on to 9cm disposable
Petri dishes at 20°C. Five ml of agarose at
600C was then added, while swirling the plate
to mix all components. Plates were left to
set at room temperature for 1 h, and wells
3 mm in diameter were punched out before
use. Plates were made fresh each day. Ten pl
aliquots ofenzyme sample were put into each
well, the plates were left at room temperature
for 10 min and then incubated for 18 h at
370C in a humidified oven. Plasminogen-free
plates were included in each assay to verify
that the enzyme activity was plasminogen
dependent. Serial dilutions of urokinase
(Sigma) from 20 to 0-2 u/mI in complete
MEM were used as standards.
Two perpendicular diameters (a and b)
were measured for each zone of lysis. A
standard curve was prepared by plotting log
{(a+b)/2}2vs the log ofthe dilution ofpurified
urokinase, and the samples of PA could be
read from this as urokinase equivalents (UK
units) per ml. Sample volumes were always
TABLE II.-Average production of enzyme per day over entire harvest period of each
tumour or mammary gland and itspulmonary colonizationpotentialgrouped according
to HCP(H) LCP(L) and Controls (LM or PG). Latent collagenase was calculated as
total -active collagenctse.
Wet
wt
Tumour (g)
H351 0 54
H376 0 5
H384 0 45
H407 0.5
H426 0.5
H433 0 6
H440 0.55
H445 0-6
H451 0*5
H478 0.5
H604 0.5
Mean (±s.d.)
L363 0 48
L370 0-4
L391 0.5
L413 0-45
L420 0 4
L457 0 4
L470 0 4
L38.1 0.55
L586 0-45
L592 0.5
L598 0-4
L39.1 0 45
L40.1 0-4
Mean (± s.d.)
LM1 0.5
LM2 0 35
LM3 0d4
LM4 0.5
PG1 0*2
PG2 0-2
PG3 0 2
PG4 0 2
PG5 0 2
Mean (+ .d.)
Collagenase u/0.5 g/day
Active Total Latent
0-62 0-62 0.00
2-67 3-21 0 54
1-99 3-27 1-28
1-46 1-76 0 30
0 75 2-78 2-03
1 -36 1-51 0-15
1-35 3-62 2-27
1-46 3 - 26 1- 80
1-38 1-88 0 50
0-15 045 030
1-21 1-24 0 03
1-31+0 67 2-15+1-14 0 84+0 85
0-26 0.55 0-29
0 36 1-72 1-36
0.99 3-06 2-07
1-66 3-75 2-09
0 99 2-32 1-33
0-41 1-58 1-17
0-36 1-17 0-81
0 40 0.55 0.15
0 30 0-60 0 30
0-38 1-15 0 77
0-22 0-91 0-69
0-26 0 54 0-28
0-16 0-60 0 44
0-52+0*43 1 43+1 05 0-91+0-66
0-26 0-32 0-06
0-47 0-49 0-02
0 50 0*50 0.00
0 30 0 30 0.00
0-20 0 39 0.19
0-17 0 30 0-12
0 43 0-43 0.00
0-32 0 34 0-02
0 45 0 45 0.00
0-34+0-12 0-35+0-10 0 05+0 07
Urokinase
u/ml/0-5 g/day
PA
1-18
1-21
0 52
0-85
0-69
0-31
0-36
0 39
0 49
0-17
0-38
0-60+0-35
1-35
1*67
0-24
0-46
0*45
0 47
0-24
0-11
1 00
0-68
1 22
0-17
0.15
0 63+0 52
0*00
0-02
0-32
0 03
0*00
0-26
0-03
0*00
0 05
011 +019
Median
coloni-
zation
grade
4
5
5
4
4
4
5
4
4
5
4
0
0
1
1
0
0
2
0
1
0
1
1
0
0
0
0
0
0
0
0
0
0
Colonization
grade in each
recipient
3,4,4,5,5
5,5,5,5, 5
4,4,5,5,5
3,4,4,5,5
3, 4, 4, 4,4
3,3,4,4, 4
4,4,5,5,5
3,4,4,5, 5
4,4,4,5, 5
3,4,5,5,5
4,4,4,5,5
0,0,0.0,0
0, 0, 0, 2, 2
0,0,1,1,1
0, 0,1,1, 1
0,0,0,0
0,O, O,1,1
1,1, 2, 2, 2
0,0,0,0,0
1, 1, 1, 1, 1
0, 0,0,1
0, O,1,1, 1
0, 0, 1, 1, 2
0, O, O,1,1
0,0,0,0,0
0,0,0,0,0
0,0,0,0,0
0,0,0,0
0,0,0,0,0
0,0,0,0,0
0,0,0,0
0,0,0, 0,0
0, 0, 0,0,0
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Fia. 2.-Polacrylamide-gel electrophoresis (PAGE) of reaction products of collagenase assays,
showing specific cleavage of rat-tail-tendon collagen by murine mammary-tumour collagenase.
Reading from left: track 1 0-1 mg collagen, no enzyme; track 2-0 1 mg collagen reacted with
human rheumatoid synovial collagenase (gift from Dr D. E. Woolley)- track 3- as (2) but blocked
with EDTA; track 40 1 mg collagen reacted with murine mammary-tumour collagenase;
track X;-as track 4 hut blocked with EDTA- track 6 mol. wt marker consisting of rat-tail-tendon
collagen, bovine serum albumin and myoglobmn (in vertical order). The density ofal and cii bands
in tracks 2 and 4 is reduced concomitantly with the appearance of the specific reaction products
ciA, ci2A and x1B.
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8 mnl per harvest period, and absolute values
for PA output can therefore be ol)tained by
multiplving the values in Table 1[ by thi,
figure.
Statistics.- The values foi protease output
of each of the experimental groups were
compared with the Kruskall-Wallis test.
This is a standard non-parametric test for
comparison of 3 or more groups,; which makes
no assumptions about the distribution char-
acteristics of the populations from w-hich the
sainples were drawn. We chose the Kruskall-
Wallis method in preference to a more power-
ful parametric test, (such as analysis of
variance) since one cannot be certain from
the data that the populations studied lhave
normal distribution and homogeneity of
variance. The significance levels wTe report
are therefore probably on the coniservative
side, because analysis of variance indicated
that the results were more significant.
W!here the Kruskall- Wallis test confirmed
that the groups in an experiment were differ-
ent populations, comparisons betwNeen groups
of biological interest w\ere made w\ith the
Wilcoxon rank-sum test. This non-parametric
test is appropriate for assessing degree of
significance ofdifferences betw-een twogroups.
RESULTS
Demonstration, ofthe release ofa, mamnmalian
collagenase by miurine naminmary tutrnour's
Supernatants lharvested from the ex-
plant cultures of many ofthese mammary
tumours contained an agent capable of
digesting Type I mammalian collagen, as
demonstrated bv the release of radio-
activity from labelled substrate and by
PAGE (Fig. 2). The latter technique
demonstrated characteristic cleavage of
the collagen molecule into three-quarter
(TCA) and one-quarter (TCB) fragments
typical of mammalian collagenase (Eisen
et al., 1968; Sakai & Gross, 1967). It was
also confirmed that exposure of the sub-
strate to nonspecific neuitral proteases
such as trypsin did not produce compar-
able releases of counts or PAGE patterns,
despite prolonged digestion. The colla-
genolytic activity of the supernatants
functioned at 250C and was inhibited by
EDTA and by addition of 10% calf
serum to the cultuire medium. Collectively
this evidence confirms the secretion of a
typical mammalian collagenase into the
cutltuire mediuim by explants ofsome ofthe
mnurine mammary tumours. Increase in
collagenolytic activity after light tryptic
dligestion of the supernatants, established
that both active and latent forms of the
enzyme were uisually present. The value
obtained w-ith the nuntreated supernatant
represents the active enzyme, that aft,er
(ligestion the total collagenase activity
and the difference, the latent enzyme.
In contrast to collagenases from other
species (human and sheep) that we work
with in this laboratory, the murine
enzyme was foun(d to be destroyed by the
freezing of supernatants, and this neces-
sitated storage of material at 4°C, at
which temperatuire it remained stable for
over 6 months.
C(omparison of collagenase output by tur-
ours ofhigh and lowXpulmonary-colonization
potential and by non-neoplastic mammary
tissue
The collagenase activity secreted by
each tumour or control group at each
harvest period was used to plot the graphs
showing the time course of collagenase
release.
In addition, a general value for the
collagenase secretory potential of each
ttumouir was computed by dividing the
accutmulated output for each tumour by
the ntumber of days of harvesting and by
the wNet weight of tissues to produce a
valute of activity/day/0-5 g, as provided in
Table II. These values were used for
statistical comparison of collagenase out-
put by the three experimental grotups.
.4ctive collayenase
The mean output of active collagenase
bv HCP, LCP and controls is shown in
Fig. 3a. It is evident that the tumours
capable of heavy pulmonary colonization
secrete much more of this enzyme than
weak colonizers or non-neoplastic tissue
(wvhich cannot colonize the lung at all;
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FiG. 3.-Comparison of means of (a) active collagenase, (b) latent collagenase and (c) total collagenase
output (collagenase units/05 g/day) between the tumour and control groups. HCP=high coloniza-
tion potential tumours, LCP =low colonization potential tumours, and CON =control tissues.
Bars represent 95% confidence limits (data in Table II).
Price et al., 1982). These results are
statistically highly significant. The
Kruskall-Wallis test confirms that the
three groups are not drawn from a uniform
population (P < 0.01) and pairwise com-
parisons between selected groups are,
therefore, legitimate. HCP differ from
LCP with P < 0.005, and from controls
with P < 0 001 (Wilcoxon rank-sum test).
LCP do not differ significantly from
controls, and if these groups are pooled,
the tumours capable of heavily colonizing
the lungdiffer verysignificantly (P < 0 005)
from weak or non-colonizers in production
ofactive collagenase.
Total collagenase
The mean values for total collagenase
activity in the supernatants are shown in
Fig. 3b. As with the active form of the
enzyme, the HCP tumours appear to
secrete more than the other groups.
Statistical analysis of the results for total
collagenase production confirms that the
three groups are different (Kruskall-
Wallis Test, P < 0001) but pairwise com-
parisons do not show very significant
differences between HCP and LCP colon-
izers (0 01 >P > 0 05) though both tumour
groups are very significantly different
1.2 -
1.01-
o
4 U,
sn
ol
c0 =
U aD T
U a,
.8F
0.61-
0Q41-
0.21-
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from controls (Wilcoxon rank-sum test,
HCP and LCP, both P< 0 001).
Latent collaqenase
Latent-collagenase values are derived
by subtraction of active from total
enzyme, and not by direct measurement.
They are therefore not independent
variables and the results can be antici-
pated from the foregoing calculations.
However, the means for latent-collag-
enase production by the three groups
are shown in Fig. 3c and statistical tests
confirm that the groups are different
(P<0.001), and that the two tumour
groups differ significantly from controls
(both P< 0 001) but not from each other.
Time-course ofcollagenacse release in culture
The mean collagenase outputofthe high,
low and control groups at each harvest,
is plotted against time in Fig. 4 for active
collagenase andFig. 5fortotalcollagenase.
It is seen that enzyme output is much
greater throughout the culture period in
HCP thanin LCPornon-neoplastic glands.
7.0F
6. 0
5. 0 Cy, -. *
& 4.0
3.0
c7
t 2.0
1. 0
I-F
0 2 4 6 8 10 12
Days
Fia. 4.-Time course for output of active
collagenase over the entire culture period.
The average collagenase output for each
experimental group (HCP, O-1; LCP, 0;
and CON, A) has been plotted against the
average time for each harvest. Bars repre-
sent 95% confidence limits.
7
U'
C=
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FIG. 5.-As Fig. 4, for total collagenase.
12
For active collagenase there is an initial
dip in secretion which is particularly
pronounced in the HCP group, after
which there is a gradual rise, peaking at
about the 10thdayin culture.
Plasminogen-activator secretion
Itwas alsofoundthat murine mammary
neoplasms secrete PA and the mean out-
put/day/0.5 g tissue is shown, along with
their colonization potential in Table II.
Statistical analysis of this information
confirms that the three groups are signi-
ficantly different (P=0.005) but here the
HCP and LCP neoplasms are not very
different from one another, though both
secrete more enzyme than the controls
(P<0.001). The mean values of PA
production of all three groups are shown
in Fig. 6. The breakdown of fibrin by the
agent in the supernatant was confirmed
to be plasminogen-dependent in all assays.
The time course of PA production by
tumours (Fig. 7) is similar to that of
collagenase. There is a dip at 5 days, with
a subsequent peak at 10 days, after which
enzymeproduction declines.
--I
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IF'IG. 6.- Comparison of plasiniiiogen activa-
toi- between HCP, LCP andl CON. Bar s
repIresent 95%O confidence limits (data fiom
Table II).
I)ISCUSSION
The above findings constituite tunequivo-
cal evidence that spontaneous mammary
tumoours in the mouse secrete a typical
mammalian collagenase, and that tumours
with high pulmonary colonization capabil-
ity (HCP) produice significantly more of
this enzyme in vitro than those of low
potential or non-neoplastic controls. This
is particularly obviouis for active colla-
genase (Fig. 3a) and suggests involvement
of this enzyme in tumour (lisseminatioin.
However, it is important to comment
that there is no direct evidence from this
work that collagenase secretion in vivo
is actually higher in HCP than in LCIP
tumours. The level of output in vitro
indicates the secretory capability but
does not necessarily reflect the actual
secretion in the bodly. The association
2. 6
2. 2
1. 8
1.0 1
0. 6
0. 2
2 4 6 8 11; 12
)ays
FIG. 7.-Time course for outpuit of plasmino-
gen activator over the entire hiarvest
period. Bars represent 950% confidence
limits. See legend to Fig. 4 for (letails of
graphic presentationi.
between HCP and collagenase output by
these tuimours in vitro is therefore not on
its own1 conclusive proof of a causal role
of the enzvme in metastatic spread. It
is also appropriate to mention that high
collagenase output is not aproperty unique
to tumours. The enzyme is secreted in
large quantities in other pathological
conditionis suich as rhetumatoid arthritis
(Harris, 1978; Woolley et al., 1980) and
in certain non-pathological processes such
as post-partum titerine involution
(WA'oessner, 1980) and re-modelling of
bone (Vaes, 1980). Nevertheless, the evi-
dence in this investigation of a strong
association betweeii capacity for active
collagenase production and metastatic
colonization potential indicates that the
enzyme is implicated in colonization after
blood-borne dissemination and, more gen-
erally, that disordered regulation of the
synthesis of this enzyme is an important
factor predisposing to tumour spread.
I
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The levels of total (i.e. active plus
latent) collagenase production were not so
significantly related to tumour coloniza-
tion potential, but it is noteworthy that
the accurate measurement of this variable
is a capricious and difficult matter, depend-
ing on mode of activation (e.g. by trypsin
or by organo-mercurials such as APMA)
and on other as yet more intangible
factors such as auto-activation (Stricklin
et al., 1977, 1978). To avoid diversionary
forays into this controversial field, we
chose a standard method of activation
common to many publications on measure-
ment of the latent enzyme. Had we used
an activation protocol standardized by
titration experiments with each batch of
trypsin on our own material, the differ-
ences between the low and high colonizers
might have been even more significan ,.
The specificities of the enzymes found
for various collagen types are yet to be
explored. It should be noted that this work
has been conducted entirely on Type I
collagen obtained from rat tail tendon.
Although we have found by gel electro-
phoresis that the tumour supernatants
also contain an agent capable of lysing
Type IV collagen (Shields et al. in prepara-
tion), we do not yet have quantitative
information on the secretion of other
collagenases by these tumours (as reported
by Liotta et al. (1979) for a transplantable
neoplasm).
The output of plasminogen activator,
though greater in neoplasms than in
controls, did not bear any significant
relationship to colonizing ability. We also
found no association between amounts
of PA and latent collagenase in the super-
natants, and find no support in our system
for the idea that PA may be one of the
physiological activators of collagenase.
Only free PA was measured, and it is
possible that the levels of the cell-bound
form of this enzyme might have been
related to collagenase activity. However,
attempts to activate samples of known
high latent-collagenase content directly
by deliberate addition of excess plasmino-
gen and urokinase were not successful
(data not shown). The physiological role
of PA produced in raised quantities in
many tumours and tumour-cell cultures
is, therefore, not illuminated by these
experiments.
It is not yet known which cell type
produces the collagenase found in the
HCP tumours, but morphological observa-
tions (Tarin, 1969) suggest that epithelial
cells are involved, directly or by stimula-
tion ofother cell types within the tumour's
It is hoped that immunocytochemical
studies will eventually locate the site of
production and secretion ofthis enzyme.
The immediate pathological implica-
tion of these findings is that they link the
presence of the enzyme collagenase
(already known to be detectable in many
tumours) to the destructive and colonizing
capabilities of spontaneous tumours in
vivo. They also indicate a plausible mech-
anism for the morphological observation
of removal of intercellular materials in
primary and secondary tumour infiltration
and expansion (Tarin, 1972, 1976) and this
interpretation is supported by the im-
munocytochemical localization of the
enzyme at the tumour-stromal interface
(Woolley & Grafton, 1980).
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